In this letter, we report on a particularly strong optical nonlinearity at the nanometer scale in aluminum. A strong optical nonlinearity of the third order was demonstrated on a single nanoslit. Single nanoslits of different aspect ratio were excited by a laser pulse (120 fs) at the wavelength 1.5 µm, leading predominantly to third-harmonic generation (THG). It has been shown that strong surface plasmon resonance in a nanoslit allows the realization of an effective nanolocalized source of third-harmonic radiation. We show also that a nanoslit in a metal film has a significant advantage in nonlinear processes over its Babinet complementary nanostructure (nanorod): the effective abstraction of heat in a film with a slit makes it possible to use much higher laser radiation intensities.
Introduction
Among the important issues and directions of investigation in nano-optics and nanoplasmonics are nonlinear photoprocesses [1] [2] [3] that can be controlled and manipulated at the nanometer scale. A variety of nonlinear photoprocesses in nanoplasmonics has already been explored: (1) secondharmonic generation from metal nanostructures [4] [5] [6] [7] [8] [9] ; (2) enhanced four-wave mixing on metal surfaces [10] ; (3) ultrafast all-optical modulation based on third-order nonlinearity [11] [12] [13] [14] ; (4) plasmon-enhanced generation of high harmonics [15, 16] .
The simplest nonlinear effect which is allowed in all media and independent of nanostructure symmetry is third-harmonic generation (THG). Nonlinear susceptibility originates from a metal's free electrons: the physics of THG in metals results from the fact that during the oscillations the electron cloud juts out from the ionic core. The resulting restoring force is no longer linear but contains nonlinear terms, starting with the third-order term in the displacement of the center of mass of the electron cloud from its equilibrium position. This collective electron motion near the sharp-edged nanostructure surface is responsible for THG [17] .
Apart from its purely fundamental interest, thirdharmonic generation in nano-objects is also of considerable practical interest as a nanosized source of short-wavelength radiation [18] or in microscopy for single biomolecule tracking [19] . The most important parameters of third-harmonic generation are the following: (1) the efficiency (the ratio of harmonic power to the exciting radiation power); (2) the efficiency per mass unit, to realize a high yield of THG generated from nanometer scale objects. In experiments [17] THG has been observed in the interaction of relatively weak (intensity 10 10 -10 11 W cm −2 ) laser radiation with gold nanoparticles. The frequency of the fundamental field used in these experiments was chosen to be one third of the Mie resonance frequency in order to allow a resonant enhancement of the third harmonic. Nevertheless, in this case the THG signal from a single nanoparticle is rather weak, in absolute terms. However, as predicted in [20] , for a high intensity (10 16 W cm −2 ) the internal electric field strength of the third-harmonic amplitude could be of the same order as the field of the fundamental.
It has been recently shown that nanoantennas are excellent nonlinear emitters of light [21] . An essential disadvantage of antennas (and similar nanostructures) as radiation sources is the presence of a considerable accompanying background of exciting radiation at the fundamental frequency and the destruction of the nanostructure at a high incident radiation power, thus presenting a limitation on the efficiency of third-harmonic generation. A nano-object that can generate the third harmonic and, at the same time, is free of the above-mentioned disadvantages is a nano-opening (nano-hole, nanoslits, . . . ) in a metal film.
In this work we report on a particularly strong optical nonlinearity at the nanometer scale in aluminum and effective third-harmonic generation from single nano-openings in the form of a slit, made in aluminum and also in gold films. We have investigated the effect of the nano-opening geometry on the efficiency of third-harmonic generation. Also we have demonstrated the possibility of constructing a nanolocalized radiation source on their basis, free of a laser radiation background.
Experimental setup and THG measurements from single nanoslit
The experimental setup is shown schematically in figure 1. The third harmonic was excited by a fiber-coupled femtosecond laser [22] (wavelength 1560 nm, pulse duration 120 fs, pulse rate 70 MHz, mean radiation power incident on the sample 15 mW). The third-harmonic generation was measured using an inverted microscope (Nikon Eclipse Ti). The laser radiation, focused by the objective (10×, NA = 0.25) into a spot 4.3 µm in diameter on the sample, was directed transversely to the surface of a film with nano-openings. The peak radiation intensity on the sample was on the order of 1.1 × 10 10 W cm −2 . To control the polarization of the incident radiation before the focusing objective a zero-order λ/2 phase plate was used. The third-harmonic signal was collected using the objective (40×, NA = 0.65).
We investigated the third-harmonic generation from the following nano-objects: thin films, single nanoslits in aluminum and gold. The gold was chosen as a wellknown nonlinear material in nanoplasmonics, to address the measured efficiency of the THG process in aluminum. For quantitative measurements of the efficiency of third-harmonic generation it is very important to control the focused diameter of the exciting radiation since the efficiency of this process is dependent on the third power of the intensity of the radiation at the fundamental frequency. Therefore, in our measurements the spatial position of the exciting radiation focus was fixed. To study THG a sample with a single nanoslit was moved to the position of a focused laser spot using a 2D piezocontrol system with feedback sensors (CAP201XY, Piezo Jiena). The system provided long-term control over the spatial position of the sample with an accuracy better than 10 nm. The focused laser spot size was measured by spatial scanning of a 100 nm nano-hole across the laser spot and registration of the emission at the fundamental frequency passing through the hole. A set of interference and color filters was used for suppression of the exciting laser radiation at 1560 nm wavelength. The radiation at the exciting frequency was suppressed also due to the chromatic aberration of the objective lens, which becomes considerable because of a large difference in radiation wavelengths at the fundamental frequency and at the third-harmonic frequency. Finally the signal registered at the fundamental frequency was suppressed by more than 13 orders of magnitude. The spatial distribution of the third-harmonic radiation was registered by a 2D cooled CCD camera (Princeton Instruments, Photon-MAX) with an avalanche gain of electrons. The signal registered by the 2D CCD camera was carefully calibrated to perform quantitative measurements of the THG radiation power. The emission spectrum from samples was measured using a spectrometer with a cooled CCD camera (Princeton Instruments, NTE/CCD-1340/100). At the spectrometer input the signal was subjected to spatial filtration, which allowed the reduction of the background contribution to the radiation spectrum under registration. The whole setup was placed on a vibration-isolated table to eliminate the effect of mechanical perturbation.
Al and Au films were deposited on the surface of ultrathin (40 nm thick) SiO 2 membranes with low roughness (<1.5 A) [23] , which in turn leads to the metal films adjacent to the membrane having the same small roughness. The high quality of the metal surface close to the membrane enabled the minimization of the contribution of photoluminescence from the roughness of the metal surface in the signal being registered. For this purpose, in all the measurements, the smooth side of the films was facing the radiation at the fundamental frequency. Third-harmonic generation was investigated in nano-openings in 50 nm thick Au and Al films. There are two main reasons for the chosen film thickness: (1) it enables the reduction of the radiation attenuation in the channel formed by the small-diameter nano-opening, which is essential to realize a high efficiency of THG in a nano-opening, (2) Fabry-Perot like resonances (formed by the reflection of radiation from the metal-dielectric boundary) are not realized, which in turn would result in variations in the efficiency of nonlinear processes [24] . Moreover, in metal films 10-100 nm thick the generation of radiation at the third-harmonic frequency can be described analytically [25] .
Aluminum films were formed by e-beam evaporation. Gold films were produced by thermal evaporation at 1240 • C under high vacuum. The thickness of the Al and Au films was equal to 50 ± 5 nm and was measured by an atomic force microscope using the razor blade scratch technique. The measured roughness of the Au film surface is as follows: a height roughness (RMS) of about 3 nm and a lateral roughness (correlation length) of about 30 nm. The measured roughness of the Al film surface is as follows: a height roughness of about 1.5 nm and a lateral roughness of about 5 nm. The samples were prepared under the conditions of a Class 100 clean room; the optical measurements were performed under the conditions of a Class 1000 clean room.
In our work we studied nanoslits with aspect ratios in the range 1-5 made in 50 nm thick Al and Au films. Nanoslits were produced using a Ga + beam, 30 keV (FEI Quanta 3D) focused on the surface of an Al (Au) film into a spot with diameter of about 10 nm. The microscopy of the nanoslits was conducted by a JEOL JSM-7001F electron microscope with a spatial resolution of about 5 nm. To reduce the intensity of carbon deposition associated with electron beam microscopy of metallic surfaces the process was carried out at a relatively low electron beam energy of about 5 keV. As an example, figure 2 shows typical samples used in our studies. To avoid the influence of collective plasmonic effects the distance between the nanoslits was about 5 µm. The distance between the nanoslits also exceeded the spot diameter of laser radiation at the fundamental frequency. The order in which the nanoslits were arranged permitted us to identify each individual nanoslit and to work individually with them.
Third-order optical nonlinearity of Al
Gold is one of the main materials for constructing elements of nanoplasmonics. In [26] , however, it has been shown lately that aluminum has certain advantages over gold since it exhibits strong nonlinear properties when it is excited at 780 nm, which, however, is inside of an absorption band of aluminum. The exciting radiation used in this work (1560 nm) is tuned far from the interband electron transition both in gold and aluminum. It is known that at a wavelength of 1560 nm aluminum has stronger metallic properties than gold: the refractive index of Al has a higher real part and a considerably smaller imaginary part compared to Au. Hence, a corresponding difference in the nonlinear optical properties can be expected. Figure 3 shows measured spectra of third-harmonic generation in Al and Au films without nano-openings. The laser radiation at the fundamental frequency was focused onto the film surface. The radiation at the third-harmonic frequency that has passed through the film was registered by a 2D CCD. The image is in the form of a spot, about 2 µm in diameter, which is about √ 3 times less than the diameter of the focused laser beam, since the efficiency of the THG signal is third-power dependent on the intensity of radiation at the fundamental frequency. Due to center symmetry, there is no signal corresponding to a second-order response detected. In the spectra of figure 3 the third-order response is dominant. It can be seen that the signal at the third-harmonic frequency in the Al film is twelve times higher than in the Au film.
Our measurements and calculations show that the transmission of the Au film at 520 nm is higher than that of the Al film by 700 times. This indicates that the efficiency of third-harmonic generation in Al is considerably higher, by several orders, than that in Au. The thickness of the films chosen is considerably less than λ/4π , and therefore the contribution of the dielectric/metal boundary into nonlinear susceptibility exceeds the pertinent contribution of the material volume [27] . Under such an assumption we have determined the nonlinearity factor χ (3) by measuring the radiation intensity at the basic frequency and at the frequency of third-harmonic generation. The measured absolute values of third-harmonic radiation intensity are I Au (3ω) = 3.3 × 10 2 W m −2 for Au and I Al (3ω) = 4.1 × 10 3 W m −2 for Al. Using the numerical coefficients χ (1) (3ω) = −4.17 + 3.2i for Au [28] and χ (1) (3ω) = −39.2 + 10.9i for Al [29] we have the following coefficient values: χ Al = (2.6 ± 0.8) × 10 −17 m 2 V −2 . Details of these calculations can be found elsewhere [30] .
To our knowledge, these are first measurements of third-order nonlinearity coefficients for Au and Al excited at 1560 nm. The theoretical calculations [31] for the radiation at the fundamental frequency of 1.06 µm predict that the value of third-order nonlinear susceptibility for Al is 40 times higher than for Au. The ratio measured in our work comes to about 10 3 . We explain the difference by the spectral dependence of the χ (3) coefficient: the metallic properties of aluminum are much stronger at 1.56 µm than at 1.06 µm. The measured difference of the χ (3) coefficient for Al and Au can be explained by the difference in the physical and optical properties of the two metals [26] : (1) a difference in the polycrystalline structure of the metals [32] (the characteristic size of the crystal ∼20 nm for gold and ∼80 nm for aluminum), (2) a difference in the electron energy level structure and the associated interband transitions [33] .
Effective nanolocalized source of third-harmonic radiation based of a single nanoslit
A single nanoslit can display several plasmonic resonances, since the frequency of resonance depends on the nanoslit geometry [34] . As shown [35] , with the proper geometry of the structure it is possible to realize resonance conditions at scattering both at the fundamental frequency and at the second-harmonic radiation frequency, which causes a considerable increase of the second-harmonic generation efficiency. According to [36] , such a technique of double resonance realization can also be applied to increase generation of radiation at the third harmonic from a single nanoslit.
Our calculations show that for radiation at the fundamental frequency a plasmon resonance on single nanoslit in an aluminum film is realized for nanoslit length about 600 nm. A nanoslit with such a length forms a light source with a spatial size of subwavelength levels and thus has no practical value for the realization of a nanolocalized source of light. Therefore, we have chosen the strategy to support plasmon resonance at the THG frequency. The proper geometry of the nanoslit to realize plasmon resonance at the THG geometry was determined through computer simulation, using the Finite Integration Technique (FIT) of transmission of a plane monochromatic wave with its wavelength corresponding to third-harmonic generation (520 nm) and the wavevector orthogonal with respect to the slit plane. The incident light polarization was taken to be transverse to the long axis of the slit. From the computer simulation we have found that a slit 170 nm long and 50 nm in width in 50 nm thick Al foil has a resonance in transmission at the THG wavelength. Figure 4(a) shows the electric field distribution calculated by FIT when this slit is exposed to monochromatic radiation at a wavelength of 520 nm with the polarization directed across and along the long axis of the slit. It is evident that the field becomes more intense when the excitation radiation is polarized across the long axis of the slit.
We prepared nanoslits in 50 nm thick aluminum film with a size of 50 nm × 170 nm. The result of measuring third-harmonic generation from one of these slits is given in figure 4(b) . The analysis of spatial optical images shows that the signal consists of two parts: (1) a wide pedestal formed by third-harmonic generation in the film, with a size determined by the spot size of the exciting laser radiation, and (2) a narrow diffraction-limited peak formed by THG radiation originating from the nanoslit. It is clear to see that the THG signal excited by the radiation with the polarization across the main axis of the slit significantly exceeds the signal with the polarization along the axis. When the nanoslit is subjected to exciting radiation with the polarization across the slit the efficiency of THG radiation corresponding to a unit square (ratio of field intensity of THG radiation to the intensity of the field on the fundamental frequency) is several orders of magnitude higher compared to the THG efficiency from a smooth surface (black curve on figure 4(b) ). The role of excitation of plasmon resonance on the high efficiency of THG process was verified in a different experiment. We measured the efficiency of THG from Al nanoslits with different aspect ratios and found that the maximum efficiency of THG is realized on a nanoslit with its geometry optimized in computer simulations to support plasmon resonance (presented on figure 4 ). At first sight, this is counter-intuitive, as the removal of nonlinear material (the metal) enhances the THG response [37] . This finding is related to the excitation of plasmon resonances and the corresponding increase of the local electric field.
When comparing the THG signals from the nanoslit and the Al film without the nanoslit, it is necessary to take into account that the profiles in figure 4(b) (which corresponds to the THG from the nanoslit) are diffraction limited. Therefore, the ratio between the THG efficiency from the nanoslit and from the Al film is, in fact, considerably higher than the value that follows from a comparison of the two signal amplitudes in figure 4(b) . For a nanoslit in Al the measured THG efficiency (corresponded to a unit square) is about 10 −9 , which is about 2 orders of magnitude higher than the measured THG efficiency in the Al film. For the gold sample the corresponding efficiency for a nanoslit of the same geometry, but made in a 50 nm thick gold film, was ∼7 × 10 −10 and about 3 orders of magnitude higher than the measured THG efficiency in the Au film. That is we measure a comparable signal of THG in slits made in Al and Au films, although the nonlinear properties of aluminum are much stronger than those of gold. Our calculations of electric field enhancement inside aluminum and gold nanoslits show that the plasmon resonance in Au is much stronger than in Al at the wavelength of THG radiation, leading to a greater increase of the local electric field amplitude and hence a higher THG signal. The amplitude of the local field enhanced by excitation of plasmonic oscillations is also affected by the volume and surface roughness induced losses [38] . We expect that slit boundary quality should also affect the THG efficiency.
A greater gain in the efficiency of the THG from the nanoslit can be realized by increasing the exciting laser light, since the THG signal depends on the intensity to the third power. However, this approach is limited by destruction of the nanostructure under intense radiation. In [16, 17, 19] , the change in the geometry of gold nanorods under intense femtosecond laser radiation was studied and it was found that the nanostructure geometry did not change up to intensities ∼10 10 W cm −2 . At higher intensities the metal begins to melt, which causes the nanorod shape and, hence, its resonant properties to change as well. According to the Babinet principle for PEC nanostructures, light scattering on a nanorod is identical to nanoslit transmission (with the appropriate substitution of radiation polarization). However, the thermal behavior of nanostructures and nano-openings at high laser intensities differ significantly. Below we show that the effective heat withdrawal in a film makes it possible to use much higher laser powers with nanoslits than with nanorods when the sample is not melted yet. Figure 5 (a) shows the spatial temperature distribution in an aluminum nanorod of size 50 nm × 570 nm. The data were obtained through numerical solution of the heat conduction equations using FIT calculations. Figure 5(b) shows a similar distribution for a nanoslit of the same size in a 50 nm thick aluminum film. Both the structures are exposed to a plane monochromatic wave, with a wavelength of 1560 nm and the wavevector orthogonal to the nanostructure plane. The laser intensity is 8 × 10 13 W cm −2 . The geometry of the nanostructures of figure 5 was chosen to support excitation of plasmonic oscillations by 1560 nm radiation. The radiation polarization for the nanorod is directed along its long axis and for the nanoslit across its length so that resonant excitation of plasmon oscillations can be realized. It can be seen from the figure that the nanorod is heated to much higher temperatures than the slit, while the radiation intensities are the same. These calculations show that it is impossible to use nanorods at high radiation intensities (due to their destruction), which, in turn, means that the efficiencies of THG on such an object will differ drastically.
Further calculations [30] based on the measurement performed in this work show that in a nanoslit in aluminum, with the proper chosen geometry, exciting radiation intensity of the order of 10 13 W cm −2 will lead to realization of the THG efficiency of the process being on the order of unity. We stress that this intensity is three orders of magnitude higher than the maximum intensity that would lead to the melting of metallic nanostructures [16, 17, 19] . Thus the effective removal of heat in a film makes it possible to use a much higher laser light intensity and to realize a much higher THG efficiency with nanoslits than with nanorods.
Conclusions
In conclusion, we have demonstrated THG for single nanoslits made in aluminum and gold films. We have measured and compared the THG efficiency from these two nano-objects and, as a result, we have obtained absolute values of nonlinear third-order susceptibility for aluminum and gold. It has been found that the presence of plasmon resonances in nanoslits allows a considerable increase in THG efficiency. This in turn allows the realization of a background free nanolocalized source of third-harmonic radiation. Finally, we would like to stress that nonlinear optical materials in the form of nanosized objects are of great practical importance for future applications in optical signal processing, optical imaging with nanometer resolution and nonlinear optical devices [39] [40] [41] [42] [43] .
